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Experimental comparison of a matrix converter using Si IGBT and SiC 
MOSFETs 
Abstract: This paper presents an analytical and experimental comparison between comparable Silicon (Si) 
IGBTs and Silicon Carbide (SiC) MOSFETS when used in a direct AC/AC matrix converter circuit. The 
switching performance of the two devices is analysed and the efficiency / losses measured in order to develop a 
loss model which will help engineers to design and develop matrix converter circuits using these types of 
devices. Particular attention is given in the paper to the discrepancies found between the data-sheet values and 
the measured data. The EMI performance of the two matrix converters is also determined and the implication of 
using high speed devices from both an EMI and an efficiency point of view is formulated together with an 
improved input filter design. 
1-Introduction:  
The direct Matrix Converter (MC) [1] topology, as depicted in Figure 1, offers a direct AC-AC, bi-directional 
power converter solution.  This circuit  has recently undergone renewed attention, especially in the field of 
variable speed drive applications [2-5] and in those applications where a more compact and robust solution [6] is 
required in place of the traditional two-level, rectifier/voltage source inverter (VSI) circuit [7-9]. Many 
examples in the literature also show the proposed use of the matrix converter technology for aerospace 
applications [10-13] because it results to a lighter and more power dense power converter implementation with a 
higher degree of reliability [14] when compared to a back-to-back converter where large DC-link electrolytic 
capacitors are often used.  
The choice of power devices to be used in the realisation of matrix converters has also received recent attention 
due to the potential advantages that wide bandgap semiconductors could offer.  These advantages include faster 
switching times and potentially lower losses.  In [15] a comparison with the use of Silicon Carbide (SiC) 
schottky diodes in place of the traditional Silicon (Si) PN junction diodes within the matrix converter power 
circuit was performed in order to determine the benefit in switching losses of reducing the reverse recovery of 
the diode and turn on losses of the IGBTs.  Recent work [16] has also further highlighted the potential of MC 
technology by replacing the well-established matrix of Si IGBTs and diodes in a bidirectional arrangement with 
a matrix of SiC JFET devices. In that work it was demonstrated that the use of fast switching power devices 
allows a considerable reduction in the overall volume of the power converter passive components as well as the 
importance of an appropriate layout of the power circuit in order to limit EMI issues and device stress, which 
can both result from high switching speeds. From a power device point of view extensive studies in [17] have 
been conducted to evaluate the switching performance of all Si, combined Si-SiC arrangements and all SiC 
commutation cells together with potential routes to the adoption of SiC technologies. 
In order to fully understand the advantages, draw backs and trade-offs when using either Si power devices or 
SiC power devices in a direct matrix converter structure this paper proposes an analysis, supported by both a 
theoretical discussion and experimental validation, of the switching performance of a direct matrix converter. 
Two 3x3 matrix converters, one constructed using Si IGBTs and diodes and a second one made of SiC 
MOSFETs have been  built and compared in terms of switching losses and efficiency as well as in terms of 
Electro Magnetic Interference (EMI) and how this affects the required filter design. The implication of the 
package size, commutation technique and modulation strategy on the analysis conducted are described in this 
paper together with practical circuit layout and hence commutation loop inductance.  The impact of this 
inductance on switching times is analysed with regard to switching loses. The practical results obtained point to 
a significant discrepancy between data-sheet values and practical measurement which makes the power 
converter GHVLJQHU¶V job even more difficult, so the reasons for these discrepancies are discussed and analysed. 
The conclusions drawn will also highlight how this paper contributes to an accurate loss model based on 
measurements and which takes the practical circuit issues into account in order to modify and correct the data-
sheet values as these quantities are based on different test circuits and layouts. 
 Fig. 1. The matrix converter, where a,b,c are the input phases and A,B,C are the output phases 
 
2-The experimental converter system 
Figure 2 describes the system configuration which has been implemented to determine the differences between 
6LOLFRQ,*%7¶VDQG6LOLFRQ&DUELGH026)(7VZLWFKLQJGHYLFHVLQWHUPVRIHIILFLHQF\VZLWFKLQJSHUIRUPDQFe 
and EMI behaviour. The block diagram of the full system includes: the input filter for the matrix converter for 
both differential and common mode, an output filter and the resistive load (RL). It also shows the location of the 
two power analysers that were used to measure the efficiency of the converters (including losses due to the 
filter). The output filter was necessary in order to allow the output power to be measured by the power analyser 
since the output waveforms of a switching converter typically consist of very high speed PWM signals and the 
bandwidth of a power analyser is insufficient to measure these waveforms directly. The system includes a LISN 
(line impedance stabilisation network) to be able to measure the common mode and differential mode line 
current (Iline). 
 
Fig. 2. The system configuration 
Table I shows all of the parameters of the input and output filter related passive components together with the 
load resistor that was used during the testing. Table II shows the main characteristics of the SiC MOSFET and 
the IGBTs used in the experiment together with the data regarding the gate drive circuit where: Vgate was the 
voltage of the power supply of the driver and the µprice ratio¶ of the switching devices was based on the 
commercial distributors selling price for small quantities.  The SiC MOSFET contained an internal gate resistor 
of 5 [ȍ], while this resistor is not present on the Si IGBT. 
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 Fig. 3. The prototype 
The prototype used to perform the measurements is shown in Figure 3. The 18 devices (TO-247) (from left to 
ULJKW ³´ WR ³18´DV VKRZQ LQ figure 1) are clearly visible and mounted on the heat sink. The converter was 
arranged in this way so as to be able to easily replace the devices and to be able to take thermal data using a 
thermal camera and as such, all of the devices needed to be in view.  The main capacitors of the input filter 
C1(Figure 2) can be seen below the switching devices. The sensors for the input supply are visible at the bottom 
of the picture while the sensors for the output currents are on the right hand side.  The gate drive boards were 
directly connected to the pin of the devices. The comparison between the two different types of devices (Si 
IGBTs or SiC MOSFETs) was made possible as they are pin-for-pin compatible and they could be simply 
replaced accordingly. 
 
 
 
Table I. The input /output filter 
Rf >ȍ@ C3 660 [nF] 
L1 145 [ȝH] L4 1.2 [mH] 
C1 12 [ȝF] C4 6 [ȝF] 
L2 850 [ȝH] C5 4.8 [ȝF] 
C2 10 [ȝF] RL 30-15-10-7.5->ȍ@ 
Table II. The device and gate drive characteristics 
 Si IGBT SiC MOSFET 
Devices IKW15T120 C2CM0080120D 
Icon at 25°C 30[A] 31.6[A] 
Vce /VDS  1200[V] 1200[V] 
Price ratio 1 3 
   
Vgate -12/+18[V] -8/+22[V] 
Rgate (ext.) >@ >@ 
Drive  ANCW3190 ANCW3190 
3 The modulation strategy 
The choice of modulation strategy in combination with the arrangement of the vectors is important when 
considering switching performance as the switching loss endured by the devices depends on the voltage across 
and the current flowing through the devices at the time of the commutation and the number of commutations per 
PWM period.  The prototype matrix converter employed one of the most commonly used, symmetrical space 
vector modulation (SVM) [18-19] methods. The basic equations of the SWM for a three-phase to three-phase 
matrix converter for the duty cycles of the 4 active vectors are: 
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and for the null vector: 
d0=1-dI-dII-dIII-dIV           (2) 
Where: (also represented graphically in figure 4) ߚ෨௜  is the angle of the input current vector, with respect to the bisecting line of the corresponding input sector;   ߙ෤௢ is the angle of the output voltage vector, with respect to the bisecting line of the corresponding output sector;   
vi  is the modulus of the input voltage vector (phase to phase); 
vo  is the modulus of the output voltage vector (phase to phase) ĳi  is the angle between the input phase to neutral voltage (ei) and the input current vector  
 
The switching period:  Tp=1/Fsw  and therefore the timing of the vectors are: 
T0=Tp*d0 T1=Tp*dI T2=Tp*dII T3=Tp*dIII T4=Tp*dIV   (3) 
 
Fig. 4. Output vector and the input vectors in the modulation process 
Table III show the switching sequences for a particular input/output sector when using a double-sided 
symmetrical arrangement of the active vectors and zero vectors, arranged to minimise the number of 
commutations per period.  The red line indicates the point where a commutation occurs.  This arrangement 
results in four commutations for each phase per PWM cycle.  The value of MI was set equal to zero for all of the 
following tests. 
Table III. The switching sequences for input current sector Ki=4 and output voltage sector KV=1 showing at 
which point in the period input phase connected to each output phase  
 
 
Time A B C
T0/8 c c c
T1/2 c c a
T3/2 c a a
T0/4 a a a
T4/2 b a a
T2/2 b b a
T0/4 b b b
T2/2 b b a
T4/2 b a a
T0/4 a a a
T3/2 c a a
T1/2 c c a
T0/8 c c c
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4-The switching performance 
In order to safely commutate the inductive load current between the different input phases the 4 step current 
commutation technique was used [20-21]. Figure 5 shows the commutation sequence used between two 
bidirectional switches involved in a commutation where G1 & G2 are the gate drive signals for the forward and 
reverse devices respectively in the outgoing bi-directional switch and G3 & G4 are the gate drive signals for the 
forward and reverse devices respectively for the incoming devices.  The path the load current takes through the 
matrix of bi-directional switches is shown, for the same commutation, in Figure 6. 
 
Fig. 5. The sequence of the gate drive for a 4 step current commutation 
 
Fig. 6. Current paths for IGBT and MOSFET configurations for the commutation shown in figure 5 and with 
Vab>0. 
When using the 4-step commutation process, in the steady state, both forward and reverse devices are gated. In 
the case of the Si IGBT based converter, during the steady state, the load current must flow through one IGBT 
and the associated reverse diode, as shown in Figure 6 (t<t0).  In the case of the SiC MOSFET, the load current 
can flow in the reverse direction through the MOSFET structure, so the current path can be either through the 
main MOSFET (RDS) conduction path or through the body diode as indicated by the dashed path in figure 6.  
The factors which determine whether or not the body diode is used are the level of current and temperature.  If 
the resistive voltage drop of the main body conduction path is high enough, the current will commutate to the 
body diode in favour of a lower voltage drop however, during all of the testing of the experimental power 
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converter, the body diode never conducted due to the current level used. The body diode of the MOSFET of a 
bidirectional switch will only conduct the current during a commutation, while one antiparallel diode of the 
IGBT in the bidirectional switch will conduct also during steady state. For this reason if MOSFETs are used, a 
two-step or one step commutation strategy [22-23] that during steady state have only one device of the 
bidirectional switches gated would exhibit higher conduction losses since the reverse conduction through the 
MOSFET structure would be prevented as it is not gated and the load current would be forced to use the body 
diode. This can be seen as an advantage in using the 4-step commutation method in that it would result in lower 
loss in the devices. 
The switching performance of the devices varies depending on the type of devices, temperature, gate resistor 
and power circuit layout (parasitic inductance dependant)[24]. Figure 7 shows the measured performance of the 
6L ,*%7 DQG WKH 6L& 026)(7 GXULQJ µWXUQ 21¶ DQG µWXUQ 2))¶ GXULQJ QRUPDO RSHUDWLRQ RI WKH PDWUL[
converter. In both cases the device observed is device number 18 according to the layout shown in figure 1. 
It can be clearly seen that the SiC MOSFET, as one would expect, is significantly faster than the Si IGBT.  The 
dVONGWRIWKH6L&026)(7LV§N9ȝs and dVOFFGW§N9ȝV while for the IGBT, dVON/dt § 6.6kV/ȝV and 
dVOFF/dt § 2.7kV/ȝVKRZHYHUWKLV increase in speed is not as high as one would expect if the data-sheet values 
are to be assumed.  It is also worth noting that both Si and SiC devices suffer reverse recovery losses although 
the SiC body diode seems to have a lower reverse recovery charge than the Si diode.  The situation could be 
improved for both sets of devices if SiC schottky diodes were used where reverse recovery effects are virtually 
eliminated.  This would imply a simple replacement of the diodes in the case of the Si IGBT but would require 
the addition of new devices in the case of the SiC MOSFTS since they presently use the body diode of the 
MOSFET structure. Whilst having faster devices with lower reverse recovery losses in general will reduce the 
losses, this will conversely affect the electromagnetic interference (EMI) performance of the drive, this issue 
will be discussed further in section 7. 
  
a)Si IGBT Turn on (500n sec/div) c)SiC MOSFET Turn on (500n sec/div) 
  
b)Si IGBT Turn off (500n sec/div) d)SiC MOSFET Turn off (200n sec/div) 
Red: Vce 200V/div----------------Green Vge 20V/div 
Yellow IC 10A/div------------------Blue IIGBT 10A/div 
Red: VDS 200V/div-----------------Green Vgs 20V/div 
Yellow IC 20A/div----------------Blue IMOSFET 20A/div 
Fig 13-7. Comparison of the switching performance between the Si IGBT (a and b) and the SiC MOSFET (c 
and d) when using aȍJDWHUHVLVWRU for both cases 
5- Efficiency and loss measurements 
The efficiency and loss measurements were performed in order to validate and compare against the theoretical 
values predicted in section 6. The analytical loss model of the converter using the two different types of 
switching devices was then modified and improved using the measured results to take into account factors 
which are different to those used to determine the datasheet values such as the type of diodes used in the 
commutation process or the parasitic commutation loop inductance. The efficiency measurements were 
performed using the two power analyser method according to the arrangement mentioned previously in section 
2.  This means that the losses of the input (mainly on the inductor L1) and output filter (mainly L4) together 
with the losses of the four voltage sensors are also included in the loss measurements and needed to be 
compensated for as a result. To be able to estimate the losses of the power electronic devices of the matrix 
converter the losses incurred in L1, L4 and voltage sensors were calculated off line. 
The loss due to the voltage sensors was measured using the input power analyser when the converter was not 
switching using the nominal input voltage and resulted in a constant loss of 14W. The equivalent L-R series 
combination was measured for inductors (L1, L2 and L4) from 50Hz to 150kHz. While the inductor value was 
very stable in this range of frequencies, the resistance varied significantly, due to the skin effect. For each of the 
different tests, the inductor currents were measured, and with an offline calculation it was possible to calculate 
the harmonic currents up to 150kHz.  The copper losses of the inductor are defined as: 
௖ܲ௢௣௣௘௥ ൌ ෍ ܴ௡ܫ௡ǡ௥௠௦ଶ௡ୀଷ௞௡ୀଵ ൌ ሾܹሿ 
Knowing all of the current harmonics, the value of the inductor and his physical dimensions (length, weight and 
cross section) it was possible to calculate the magnetic flu[ĳn) and the magnetic field (Bn) for all n frequencies. 
The material of the inductor that was used was Metglas Powerlight and the data sheet provided the core losses as 
a function of the frequency and the magnetic field. The core losses are: 
௖ܲ௢௥௘ ൌ ෍  ?Ǥ ?ሺ݊ଵ݂ሺ௞ு௭ሻሻଵǤହଵܤ௡ሺ்ሻଵǤ଻ସ ൌ ሾܹ݇݃ ሿ௡ୀଷ௞௡ୀଵ  
Other losses such as filter capacitor losses and input filter damping resistor losses were ignored due to the low 
ESR of the film capacitors and the low power dissipation of the damping resistors (Rf<3W) . 
Figure 8 shows raw efficiency measurements for three different modulation indexes (ratio of input to output 
voltage) where no compensation for the filter losses is performed.  Although the absolute losses of the switching 
devices cannot be determined, it is possible to notice a trend in that, as one would expect, the efficiency is 
reduced as the switching frequency is increased for both the Si IGBT and SiC MOSFET based converters. It can 
also be seen that the IGBT based converter, when switching at 10kHz, is similar in loss profile to the SiC 
MOSFET converter when switching at 30kHz.  
a) b) c) 
Fig. 8. The efficiency of the converter as a function of the output power for different switching frequencies and 
different modulation indexes, a) mi § 0.25 b) mi § 0.5 c) mi § 6L&026)(7V>Ɣ@DQG,*%7V>Ŷ@ 
Figure 9 shows the estimates losses of the power electronic devices after having removed the calculated losses 
of some of the major passive elements of the input/output filter. Again, the IGBT based converter, when 
switching at 10kHz, is most similar but slightly worse in loss profile to the SiC MOSFET converter when 
switching at 30kHz. Figure 10 shows the effect on the total losses of the SiC MOSFET converter when using 
different gate resistor values at different operating points, switching frequencies and modulation indexes, while 
figure 11 shows the estimated losses of the power devices during the same tests. 
 
 
 
a) b) c) 
Fig. 9. The calculated efficiency of the power devices as a function of the output power for different switching 
frequencies and different modulation indexes, a) mi § 0.25 b) mi § 0.5 c) mi § 6L&026)(7V>Ɣ@DQG,*%7V>Ŷ@ 
a) b) c) 
Fig. 10. The efficiency of the cRQYHUWHUXVLQJ6L&026)(7V>Ɣ@DVD function of the output power for different 
gate resistor and different modulation index, a) mi § 0.25 b) mi § 0.5 c) mi § 0.8 
a) b) c) 
Fig. 11. The efficiency of the power electronics using SiC MOSFETs[Ɣ] in function of the output power for 
different gate resistor and different modulation index, a) mi § 0.25 b) mi § 0.5 c) mi § 0.8 
Figure 12 show the total losses of the converter for three different output power demanded as function of the 
switching frequency. Figure 13 show the same test of figure 12 but with the calculated filter losses removed.  
These results are key to the validation and refinement of the analytical loss models introduced in section 6 as 
both the conduction loss and switching losses can be extrapolated from these results for the different operating 
points.  As one would expect, based on the switching performance outlined in section 4, the switching losses 
(related to the rate of increase of losses with frequency) are lower for the SiC MOSFET based converter when 
compared to the Si IGBT based converter. 
a) b) c) 
Fig.12. The total losses of the converter SiC MOSFETs[Ɣ] and IGBTs[Ŷ]  in function of the switching 
frequency at three different point, a) mi § 0.25 and Pout § 2.5kW b) mi § 0.5,Pout § 5.5kW c) mi § 0.8,Pout § 
9kW 
a) b) c) 
Fig.13. Power device losses using SiC MOSFETs[Ɣ] and IGBTs[Ŷ] as a function of the switching frequency at 
three different points, a) mi § 0.25 and Pout § 2.5kW b) mi § 0.5, Pout § 5.5kW c) mi § 0.8,Pout § 9kW 
Using the system configuration shown in figure 3, it was not possible to increase further the switching frequency 
of the matrix converter using the Si IGBTs due to heavy losses.  
6- The analytical model of the losses 
In order to design and construct power converters, a loss model is often needed in order to determine the 
physical size and performance requirements of the thermal management system or heat-sink.  These loss models 
are typically based on data-sheet values and are often different, especially where the application operating points 
are not addressed by the available data.  This section will derive a suitable loss model and was then compared 
against the measured values presented previously in order to refine the loss model. 
  
6.1 Conduction loss model 
 
The output current of each phase would go through two devices at all times during both the active and the null 
vectors.  This means that the conducting losses are not function of the modulation index but only of the output 
current magnitude. In the case of the IGBTs those two devices are one IGBT and one antiparallel diode, while in 
the case of MOSFETs the output current conducts through two MOSFET(RDS) (see figure 6). 
The conducting losses for the IGBT case: 
 ௖ܲ௢௡ ?ூൌ ଷS ׬ ݅௢ሾ ஼ܸாሺ݅௢ሻ ൅ ிܸሺ݅௢ሻሿ݀ݐS଴         (4) 
 
Where the output current can simply be written in the follow way: 
 ݅௢ ൌ  ? ?ܫ௢ǡோெௌሺZݐሻ          (5) 
 
VCE is also a function of the junction temperature. 
The conducting losses for the MOSFETs are given by: 
 ெܲ ൌ  ? ஽ܴௌܫ௢ǡோெௌଶ            (6) 
 
RDS is also heavily dependent on the temperature. Figure 14 shows the dependency of the losses of the two 
power converters with respect to temperature and RMS output current. 
 
Fig. 14. Conducting losses calculated for the SiC MOSFETs[Ɣ] and the Si IGBTs[Ŷ] for two different 
temperatures, 25°C (.. dotted lines) and 150°C (-- dashed lines)in function of the output current 
It can be seen in figure 14 that the conduction losses of the Si IGBT based converter are not very dependent with 
the temperature while in the case of the SiC MOSFET converter, the losses are very temperature dependent.  
The value of RDS increases by §for temperatures between 25 and 150°C. 
 
6.2 Switching loss model 
 
With reference to Table III, during a complete switching period (TP) there are 12 commutations, four for each 
output phase. There are two turn ON and two turn OFF situations. In both Si IGBT and SiC MOSFET devices, 
during the turn ON process, there are also reverse recovery losses from the outgoing diodes (see figure 7). 
 
The average current of all commutations (IAVc) is a function of the output current, IO(RMS), so this will be different 
for each test previously outlined, and is equal to: 
 
ܫ஺௏௖ ൌ ଶS ׬ ݅௢݀ݐ ൌ ଶ ?ଶSSȀଶ଴ ܫ௢ǡோெௌ         (7) 
 
The average voltage of all commutations (VAVc) was constant during all tests and no power factor compensation 
was used (Mi=0 in figure 4) and is equal to: 
 ஺ܸ௏௖ ൌ ଷ ?ଶ ?ଷ௏೔ೝ೘ೞS ׬ ሺZݐሻ ݀ݐ ൎ  ? ? ?ሾܸሿSȀଷ଴        (8) 
 
where: Vi,rms = 230V, (phase to neutral RMS input voltage). 
The switching losses can be calculated in the follow way for both Si IGBTs and SiC MOSFETs: 
 ௦ܲ௪ ൌ  ?ܨ௦௪ൣ ?ܧ௢௡ ൅  ?ܧ௥௘௖ ൅  ?ܧ௢௙௙൧        (9) 
 
Where Eon includes WKH³WDLO´DQGGLRGHUHYHUVHUHFRYHU\ for the Si IGBTs and Si Diodes and the body diode 
reverse recovery for the SiC MOSFETs. Unfortunately the effects of the diode recovery were not included in the 
turn on energy of the MOSFETs which may also help to explain the discrepancy between the datasheet values 
and practical measured values for the SiC MOSFET. 
 
These energy values are given for different temperatures for a given value of voltage and current, so assuming 
that they are linear with the voltage and current it is possible to scale the energy losses for different voltage and 
current levels in linear way. 
 ܧ ൌ ܧכ ௏ಲೇ೎௏೏ೌ೟ೌ ?ೞ೓೐೐೟ ூಲೇ೎ூ೏ೌ೟ೌ ?ೞ೓೐೐೟         (10) 
 
The switching energy seemed to be proportional and linear while the current above 3A for the IGBT during turn 
OFF, but this is not the true for the turn ON. Also, the SiC MOSFET turn ON and OFF losses are only 
proportional above 3A. For this reason the model implemented this simple condition in order to remain accurate 
where the current is low: 
 
If (IAVc<3) IAVc=3           (11) 
 
From the data sheets of the Si IGBTs and SiC MOSFETs it is possible to scale the switching energies to a given 
gate resistor, in our case 5J ȍ 
Table IV. Energy losses of the devices ZLWK5J ȍ 
 IGBT 600V-15A MOSFET 800V-20A 
 At 25°C At 150°C At 25°C At 150°C ܧ௢௡כ [mJ] 1.02 1.6 0.549 0.524 ܧ௥௘௖כ [mJ] 1.14 2.0 0.132 0.132 ܧ௢௙௙כ [mJ] 1.27 2.04 0.18 .233 ܧ்ை்כ [mJ] 3.43 5.64 0.861 0.889 
 
When these values are compared with the measured values presented previously, a significant discrepancy can 
be noted, in particular in the case of the higher speed SiC MOSFET converter. The data sheet values are often 
measured using optimised single commutation cells which can be difficult to replicate using a practical 
converter layout. The high dv/dt capability of the devices is degraded by the parasitic inductances of the 
commutation paths implemented in the PCB power board. Also, the commutation diodes used in data-sheet 
switching tests are often external devices with unknown recovery but here we use the inbuilt body diode of the 
MOS structure.  It is for this reason that, in this application, it is not possible to use the data sheet commutation 
energies (Eon, Erec,Eoff) and hence those reported in table IV will be inaccurate. Also, the temperature does not 
have a big impact on the switching losses of the SiC MOSFETs while it does affect the IGBTs. 
 
From the measured data shown in figure 13 it is possible to extrapolate the total conduction loss, assuming that 
they are equal for all switching frequencies, and the switching losses using a liner curve fitting. The losses can 
be express as a function of the switching frequency: 
 ܲሺܨௌௐሻ ൌ ஼ܲைேכ ൅ ܨௌௐܭכ          (12) 
 
where: ஼ܲைேכ ൌ  ? ? ?ܹ , and ܭכ ൌ  ?Ǥ ?݉ሾௐு௭ሿ 
 
Assuming that the switching losses can be expressed as in (9), it is possible to extract the total energy losses 
(Eon+Erec+Eoff) and the value found from the experimental test is: 
 
Eon+Erec+Eoff = 1.01mJ  with VAVc = 467V and IAVc = 15A, this implies that Eon+Erec+Eoff=2.3mJ for 800V/20A;  
This means that the energy loss values to be used in the loss model should be increased by a factor of 
§mJ/0.889mJ).  It is then possible to apply the same procedure for all of the different tests, and the results 
of this operation are shown in figure 15. It can be noted that, as mentioned previously, the switching energy is 
also proportional to the load current but not at low current. 
 
Fig. 15. The commutation energy of the SiC MOSFETs as a function of the average output current (with 
5J ȍ) based on the experimental results 
6.3 Summary 
 
It is important to note that the conduction and switching losses are a function of the output current and not of the 
modulation index and as such it makes sense to show the losses of the converter as a function of the output 
current. Figure 16 show the estimated losses based on the measured values of the power electronic devices for 
the Si IGBTs(a) and for the SiC MOSFETs(b) at 10kHz in combination with the values predicted by the refined 
analytical model at 25°C and 150°C. It can be seen that this method provides a good correlation between the 
predicted and measured values. 
a) b) 
Fig. 16. Comparison of the power electronic losses at 10kHz in function of the output current against the 
analytical model at 150 °C(..) and 25 °C(---). a) ,*%7V>Ŷ@b) 026)(7V>Ɣ@ 
 
7-impact of switching performance on the quality of the low and EMI frequency input current 
This section will address the impact of the switching performance of both the Si IGBT and SiC MOSFET based 
power converters for both low frequency power quality issues and electromagnetic interference (EMI) 
frequencies. Previous work in [25-26] compares the size of EMI filters for different topologies of AC-AC power 
converters. 
 
7.1 The low frequency power quality 
 
The parameters of the input and output filters are given in Table II and were kept constant during the testing. 
Also, a generic non-optimized filter was used since different switching frequencies were used. Previous work on 
MC filter optimisation was reported in [27]. Figure 17 shows the line current and voltage for one input phase 
together with one load voltage when the switching frequency of the matrix converter was equal to 15kHz for the 
SiC MOSFET based converter. Figure 18 shows the frequency domain spectrum of the line current for different 
switching frequencies. 
 
Fig. 17. Line current (yellow, 20A/div), line voltage (red, 200V/div) and load voltage (blue, 250V/div)  
 
Fig. 18. The spectrum of the line current at different switching frequencies (10kHz(blue),15 kHz(green),20 
kHz(red) 25 kHz(cyan) and 30kHz(magenta)) 
 
Fig. 19. The THD of the line current in function of the switching frequency [Ɣ] calculated up to 2k [Hz] and [Ŷ] 
up to 150k [Hz] 
Figure 19 shows the total harmonic distortion (THD) of the line current for the same test condition of that shown 
in figure 13c (MOSFET case). The THD was calculated up to 2kHz implying that only the first 40th harmonics 
were considered and also up to 150kHz. 
Key considerations: 
x The THD measured up to 2kHz increases with the switching frequency because the JDWHGULYH³ORVHV´
some pulses which the modulator demands due to the gate drive used (minimum pulse width of 500ns) 
and as such, more harmonic noise is generated low frequencies 
x The impact of the harmonic cluster generated by the switching frequency is reduces with an increasing  
switching frequency due to the higher attenuation of the input filter 
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6.2 The high frequency performance or EMI  
The performance of a converter at EMI frequencies is very important since a filter is typically needed in order to 
pass the relevant EMI regulations for connection to the grid. This becomes more important as the switching 
speed and frequency of the converter increases and as such, particular care should be taken when designing a 
converter based on devices that have the potential for very high switching speeds.  The limits highlighted on the 
figures below are taken from EN55011 for both class A (industrial) and the lower limits of class B (Domestic) 
for power converters with less than 20kVA rating. 
a) b) 
Fig. 20. Comparison of the differential(a) and the common mode (b) current of the Iline between the Si IGBT 
(blu) and the SiC MOSFET (green) at 10kHz switching (1ȍ gate resistors) 
Figure 20 shows a comparison between the SiC MOSFETs and the Si IGBTs when both devices were driven 
with an external gate resistor of 10 ȍ, using the same switching frequency (10kHz) in order to determine the 
implication of using a device with an increased dv/dt capability. $W³ORZ´IUHTXHQFLHV-3M Hz) there is little 
or no difference between the Si IGBT and the SiC MOSFETs. Above these frequencies however it is possible to 
see a significant difference due to the increased dv/dt of the MOSFETs. Figure 21 shows the effect of changing 
the external gate resistor that was used to drive the SiC MOSFETs. $W³ORZ´IUHTXHQF\5MHz) there is little 
difference while at higher frequencies it is possible to see an increased EMI amplitude due to the much faster 
dv/dt generated by reducing the gate resistor. Clearly, an increase in gate resistance will result in a slower device 
and an improved EMI spectrum but conversely, this will also increase the switching losses as described 
previously and a compromise will need to be found based on the specific application requirements. Figure 22 
shows the effect of varying the main switching frequency of a matrix converter.  In this example, the SiC 
MOSFET converter was used with an external gate resistor of 10ȍ. It can be seen that increasing the switching 
frequency create some problems in the EMI spectrum, especially for the common mode current. 
 
 a) b) 
Fig. 21. Comparison of the differential (a) and the common mode (b) of Iline. With a switching frequency of 
15k[Hz], using SiC MOSFETs with three different Rg=1,18,75>ȍ@ 
 
 a)   
Fig. 22 Comparison of the differential (a) and the common mode (b) of Iline. With a Rg=10[ȍ], for three different 
switching frequency:20k,25k,30k [Hz] 
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Using the filter parameters defined in table II, the differential mode line current is almost inside the desired 
limit, even at 30 kHz, while the common mode is outside of the limit for switching frequencies greater than 10 
kHz.  It seems clear that if the converter is to be used at a higher switching frequency (>10kHz) it will need 
different filter parameters and potentially, a different filter configuration. 
 
Considering that the original filter that was used gave a good result for the line current THD, there were some 
problems in the EMI area, especially for the common mode, and as such, it needed to be improved. There are 
basically two solutions to this problem: 
x Increase the value of the filter parameters to get a larger attenuation at 150kHz, but in this way the 
filter would also become larger, 
x Design a two stage input filter that would be smaller due to a reduction in energy storage requirements.  
Figure 23 shows the schematic diagram of the new double stage EMI filter. The specifications of this new filter 
are: 
x Differential mode: it should have the same or lower attenuation for all frequency greater than the 
switching frequency (30kHz) 
x Common mode: it must have a greater attenuation above 150kHz 
&RQVLGHULQJWKDWWKH³RULJLQDO´ILOWHUexhibited a good damping, the ratio (C/L) was kept almost constant for the 
differential mode.  With this consideration the new filter is show in figure 23 and the parameters are show in 
table V. 
 
Fig. 23. The new double stage input filter for combined low frequency power quality and EMI attenuation 
 
 
Table V. The parameters of the new input filter 
Rf 15 >ȍ@ C2 4.5 [ȝF] 
L1 68 [ȝH] C3 >ȝF] 
C1 6 [ȝF] L6 29 [ȝH] 
L2 450 >ȝ+@ L7 250 >ȝ+@ 
 
a)   
Fig. 24. a) Iline(10A/div) Vline(100V/div) b) Spectrum of the Iline, at 30k[Hz] and 9k[W]. 
The THD of Iline with this new input filter (see figure 23) is 4.1% calculated up to 150 kHz and 3.1% up to 
2kHz. The small difference with the previous filer is due to a very small attenuation difference around 30 k[Hz]. 
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a) b) 
Fig. 25. The differential (a) and the common mode (b) of Iline. with a new input filter at 30k[Hz] 
Figure 25 shows the results of the line current measurements at EMI frequencies when the matrix converter was 
switching at 30kHz using the new input filter. The differential mode is now superior to the original filter design 
and the common mode now is now inside the limit. 
 
The main focus of this paper is on the comparison of the type of switching devices used and not about the input 
filter of a matrix converter.  These results have shown that the main difference between the Si IGBT and the SiC 
MOSFETs on the EMI spectrum in terms of meeting the desired limits is due to the switching frequency of the 
converter and that the speed (dv/dt) of the devices only affects the higher frequencies where the EMI filter has a 
greater attenuation. 
  
8 Conclusions 
This paper presents an experimental comparison of Si IGBTs and SiC MOSFETs used in a direct matrix 
converter based on efficiency and EMI measurements. The paper shows the influence of the gate resistor on the 
converter losses and also on the EMI spectrum generated. The use of the faster SiC MOSFETs improves the 
efficiency of converter. A similar efficiency is achieved when the Si IGBT based converter and the SiC 
MOSFET based converter switch at 10 kHz and 30 kHz respectively. The paper shows, using experimental data, 
that it is not possible to achieve the switching losses defined within the SiC MOSFET data sheet due to the 
distance between the switches and parasitic commutation loop inductance present in the converter layout.  This 
implies that with a well-designed, fully integrated power module that minimizes the commutation loop 
inductance between bi-directional switches it should be possible to improve further the efficiency of a matrix 
converter using the SiC MOSFETs.  Due to the lower switching losses of the SiC MOSFET it is possible to 
reduce the size of the heat sink or increase the switching frequency and reduce the size of the input filter. 
This paper also presents a simple but effective analytical model to calculate the losses of converter for the Si 
IGBT and for the SiC MOSFET based converters using both data-sheet values together with circuit layout 
dependant modification factors based on measurements.  EMI measurement and analysis presented in this paper 
has shown that the switching frequency has a greater effect on input filter design than the high frequency dv/dt 
related effects and as such, a methodology for the design and validation of an alternative filter was also 
presented. 
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